Two clinical isolates of Aspergillus fumigatus, designated AT and DK, were recently obtained from patients failing caspofungin and itraconazole therapy, respectively. The isolates were tested by microdilution for susceptibility to itraconazole, voriconazole, posaconazole, ravuconazole, and caspofungin and by Etest for susceptibility to amphotericin B and caspofungin. Susceptibility testing documented that the DK isolate was azole resistant (itraconazole and posaconazole MICs, >4 g/ml; voriconazole MIC, 2 g/ml; ravuconazole MIC, 4 g/ml), and the resistance was confirmed in a hematogenous mouse model, with mortality and the galactomannan index as the primary and secondary end points. Sequencing of the cyp51A gene revealed the M220K mutation, conferring multiazole resistance. The Etest, but not microdilution, suggested that the AT isolate was resistant to caspofungin (MIC, >32 g/ml). In the animal model, this isolate showed reduced susceptibility to caspofungin. Sequencing of the FKS1 gene revealed no mutations; the enzyme retained full sensitivity in vitro; and investigation of the polysaccharide composition showed that the ␤-(1,3)-glucan proportion was unchanged. However, gene expression profiling by Northern blotting and real-time PCR demonstrated that the FKS gene was expressed at a higher level in the AT isolate than in the susceptible control isolate. To our knowledge, this is the first report to document the presence of multiazoleresistant clinical isolates in Denmark and to demonstrate reduced susceptibility to caspofungin in a clinical A. fumigatus isolate with increased expression of the FKS gene. Further research to determine the prevalence of resistance in A. fumigatus worldwide, and to develop easier and reliable tools for the identification of such isolates in routine laboratories, is warranted.
The susceptibility testing of conidium-forming molds has recently been standardized (27, 36) , but no breakpoints have yet been established, and susceptibility testing of molds is generally not performed in routine clinical microbiology laboratories. While the end point readings are straightforward for azoles and amphotericin B due to the growth-versus-no-growth pattern of inhibition, the end points for the echinocandins are more difficult to determine due to significant trailing growth. Recently, a number of reports have indicated that azole resistance is emerging in clinical Aspergillus isolates (7, 42, 44, 47) . Azoles act by blocking the ergosterol (an essential cell membrane component) biosynthetic pathway through binding to and inhibition of the lanosterol 14-␣ demethylase enzyme, encoded by the erg11 (cyp51A) gene. Azole resistance may be restricted to itraconazole or may involve cross-resistance to other triazoles as well and has been associated with a number of hot spots in the cyp51A gene with or without a simultaneous tandem repeat in the cyp51A promoter region (15, 25, 42) . Resistance to caspofungin has been described for clinical Candida isolates, and recently, breakthrough infections with Aspergillus fumigatus isolates with elevated minimum effective concentrations (MECs) have been reported (18, 19) . Finally, manipulated or laboratory-selected strains with various degrees of caspofungin resistance have been described (12, 31, 38) . Some of these laboratory-manipulated strains have been found to have mutations in the ECM33 gene (afuEcm33), encoding cell wall proteins important for fungal cell wall organization, and in addition to possess caspofungin resistance to be hypervirulent in animal models (38) . Others have mutations in the FKS1 gene, encoding a subunit of the ␤-1,3-D-glucan synthase enzyme involved in cell wall synthesis; this mechanism has been detected in clinical Candida isolates with reduced susceptibility to caspofungin (12) . In still other resistant mutants, the glucan synthase enzyme itself exhibited a wild-type gene sequence, function, level, and caspofungin susceptibility (12) .
Here we report the detection and confirmation in an animal model of the first Danish multiazole-resistant A. fumigatus isolate obtained from a patient on itraconazole treatment and the detection of an A. fumigatus isolate displaying decreased caspofungin susceptibility by the Etest, obtained from an Austrian patient failing caspofungin treatment. Our findings indicate a growing need for routine susceptibility testing of clinical A. fumigatus isolates in order to guide treatment and the need for surveillance of the susceptibility epidemiology of Aspergillus isolates in order to monitor changes in the susceptibility patterns of Aspergillus in general.
MATERIALS AND METHODS
Isolates. The "A. fumigatus DK" isolate was recovered from a 21-year-old cystic fibrosis patient on long-term itraconazole treatment (200 mg twice daily for 14 months). This isolate was multiazole resistant (itraconazole MIC, Ͼ4 g/ml;
posaconazole MIC, Ͼ4 g/ml; voriconazole MIC, 2 g/ml; ravuconazole MIC, 4 g/ml) but susceptible to amphotericin B (MIC, 0.5 g/ml), and caspofungin (MIC, 0.125 g/ml). The other isolate, the "A. fumigatus AT" isolate, was recovered from a patient with invasive pulmonary aspergillosis who failed caspofungin monotherapy. This isolate was susceptible to azoles and amphotericin B (MICs, 0.25 g/ml for itraconazole, 0.06 g/ml for posaconazole, 0.125 g/ml for voriconazole, and 0.5 g/ml for amphotericin B) but resistant by the Etest to caspofungin (MIC, Ͼ32 g/ml).
Susceptibility testing. Susceptibility was determined independently (i) at two laboratories by the EUCAST antifungal MIC method for spore-forming molds using Candida krusei ATCC 6258 as a control and (ii) at one laboratory using a modified EUCAST method with a slightly lower inoculum of 5 ϫ 10 4 cells/ml (36) and (iii) susceptibility tested to caspofungin by the CLSI (formerly NCCLS) method, using Aspergillus flavus ATCC 204304 and Aspergillus fumigatus ATCC 204305 as susceptibility testing procedure controls and A. fumigatus EMFR-S678P as an echinocandin-resistant control (27) . Microtiter plates were inoculated with a spore suspension, incubated at 35°C for 24 to 48 h, and read visually and with a spectrophotometer. The azole MIC was defined as the lowest drug dilution yielding no growth (single colonies on the surface are ignored), and the MEC of echinocandin was defined as the lowest drug concentration resulting in aberrant growth. Finally, susceptibilities to amphotericin B and caspofungin were determined by the Etest (AB Biodisk, Solna, Sweden) using RPMI 1640-2% glucose agar plates (SSI Diagnostika, Hillerød, Denmark) according to the manufacturer's recommendations.
DNA sequencing. The entire coding region of the cyp51A gene from the A. fumigatus DK isolate was amplified and both strands sequenced as previously described (15) . Consensus sequences were aligned and mismatches identified using AlignX (Invitrogen, Paisley, United Kingdom). Mutations were confirmed by repeating PCR and sequencing of both strands using the closest forward and reverse primers (15) . The sequences were compared to those of a published azole-susceptible strain (GenBank accession no. AF338659) and azole-susceptible clinical isolates (unpublished data from other studies). The A. fumigatus FKS1 gene (GenBank accession no. AFU79728) from the AT isolate was sequenced in hot spot regions between nucleotides 1875 and 4318 by Sanger methodology using a CEQ 8000 Beckman Coulter genetic analysis system. The putative FKS1 gene of Aspergillus lentulus was sequenced between nucleotides 1880 and 2300 and nucleotides 3900 and 4300 (equivalent to A. fumigatus FKS1 hot spots 1 and 2, respectively). Glucan synthase expression by Northern blotting. For RNA isolation, conidial suspensions (1 ϫ 10 5 CFU/ml) of a caspofungin-susceptible control clinical isolate (A. fumigatus A29; MEC, 0.04 g/ml; Etest MIC, 0.094 g/ml) and the A. fumigatus AT isolate were incubated in the absence and presence of subinhibitory concentrations of caspofungin (0.04 g/ml) for 24 h at 37°C with shaking. RNA was isolated by use of TRI reagent (Sigma-Aldrich). For Northern blot analysis, 10 g of total RNA was electrophoresed on 1.2% (wt/vol) agarose-2.2 M formaldehyde gels and blotted onto Hybond N membranes (Amersham Biosciences) (11, 17) . The hybridization probes used in this study were generated by PCR using oligonucleotides 5Ј-GGAAAGCACGGAAAGCAG-3Ј and 5Ј-AAA CACACCAGGAGCCAG-3Ј for the FKS gene.
Glucan synthase expression profiling by real-time PCR. A. fumigatus strains were grown in RPMI 1640 and incubated at 37°C with shaking (150 rpm) for 24 h with and without 0.25 g/ml caspofungin. Total RNA was extracted using the RNeasy minikit (Qiagen). Real-time PCR experiments were performed on a Stratagene Mx3005P multiplex quantitative PCR system using the "quantitative PCR (multiple standards)" setting. A one-step quantitative reverse transcription-PCR kit (Stratagene, La Jolla, CA) combined with molecular beacons was used for all reactions. Each real-time PCR was carried out in a 50-l reaction volume containing 25 l of 2ϫ quantitative PCR master mix, 20 pmol of each molecular beacon, 25 pmol of each corresponding primer, and 100 ng of A. fumigatus total RNA. The A. fumigatus molecular beacons and primers were designed using the FKS1 (GenBank accession no. AFU79728), PMA1 (GenBank accession no. AY040608), and beta-tubulin (BTU) (GenBank accession no. AY048754) genes. Relative expression was evaluated using the Pfaffl method (33). The A. fumigatus PMA1 gene and beta-tubulin gene (BTU) were used to normalize the results (4, 25) . Two housekeeping genes were used because differences in expression were observed at different time points in A. fumigatus (unpublished data). No significant differences were observed when these two normalizing genes were used under the conditions of these experiments. Molecular beacons were labeled with 5-carboxyfluorescein at the 5Ј ends and with benzoic acid succinimidyl ester (dabcyl) at the 3Ј ends. All of the molecular beacons were purchased from Biosearch Technologies, Inc. (Novato, CA). PCR primers were designed by using the oligonucleotide design tool of IDT SciTools (Integrated DNA Technologies, Coralville, IA) and were purchased from Integrated DNA Technologies.
Glucan synthase inhibition profiling. Each A. fumigatus isolate was grown for 24 h with vigorous shaking at 37°C in YPD (2% yeast extract, 4% Bacto peptone, 4% dextrose) broth, and mycelia were collected by centrifugation. Cell disruption, membrane protein extraction, and partial glucan synthase purification byproduct entrapment were carried out as described previously (35) . Fractions of each step were conserved at Ϫ86°C as a procedure control. Susceptibility to the echinocandin drugs was measured by a polymerization assay using a 96-well multiscreen HTS filtration system (Millipore Corporation, Bedford, MA) in a final volume of 100 l as previously described (30) . Serial dilutions of anidulafungin, caspofungin, and micafungin were added (1 l/well). Control reactions were performed in the presence of 1% dimethyl sulfoxide when anidulafungin was used. The reactions were initiated by addition of the enzyme. Inhibition curves and 50% inhibitory concentrations were determined using a sigmoidal response (variable-slope) curve and a two-site competition fitting algorithm with GraphPad Prism software (version 4.0; Prism Software, Irvine, CA).
Polysaccharide composition. Cell wall alkali-insoluble extracts were prepared from the caspofungin-susceptible control clinical isolate (A. fumigatus A29; MEC, 0.04 g/ml; Etest MIC, 0.094 g/ml) and the resistant A. fumigatus (AT) isolate by following the method developed by Fontaine et al. (10) with slight modifications. The dried samples were boiled twice with 5 ml Tris (50 mM)-EDTA (50 mM)-sodium dodecyl sulfate (2%)-mercaptoethanol (40 mM) reagent (pH 7.5). After centrifugation (at 3,600 rpm for 10 min), the sediment (cell wall ghost) was washed five times with water, followed by freeze-drying. Freezedried Tris-EDTA-sodium dodecyl sulfate-mercaptoethanol extracts were then subjected to alkali fractionation (1 M NaOH plus 0.05 M NaBH 4 , 20 ml, at 70°C, twice). After centrifugation (at 3,600 rpm for 10 min), the sediment (alkaliinsoluble fraction) obtained was washed with water until neutrality (four to five times) and freeze-dried (10). Stock solutions were prepared (10-mg/ml contents were dispersed by sonication). One hundred micrograms of these alkali-insoluble fractions was then treated with 10 l (corresponding to 3.7 g protein) of LamA, a recombinant endo-␤(1,3)-glucanase from Thermotoga neapolitana (49) , in acetate buffer (pH 6.0; 50 mM) in a total volume of 200 l overnight at 37°C. Contents were centrifuged at 3,600 rpm for 10 min; 20 l of the supernatant (LamA digest) was injected into a Dionex high-performance anion-exchange chromatography system; and 100-l supernatants were taken for reducing sugar assays by the p-amino-hydroxybenzoic acid hydrazide reagent method, including corresponding blanks with heat-inactivated LamA (9) . The hexose composition of the samples was estimated by gas chromatography using meso-inositol as the internal standard (10) .
Radial growth velocity evaluation. A. fumigatus conidia (10 3 per petri dish) were inoculated into the centers of 90-mm-diameter minimal medium agar and YPD (1% yeast extract, 2% Bacto peptone, 2% dextrose) agar petri dishes. Colony diameters were measured in triplicate every 24 h for 96 h. The average diameter was used to determine the radial growth rate (Kr). Kr was calculated using the linear regression of the radius versus time by a method described previously (34) .
Animal model. A total of 138 NMRI mice (weight, 26 to 30 g; Harlan Scandinavia, Allerød, Denmark) were injected intraperitoneally (i.p.) with 200 mg of cyclophosphamide/kg of body weight on day Ϫ3 and 100 mg/kg on day zero to produce prolonged immunosuppression. Mice were kept five to seven to a cage and were allowed free access to food and water. Mice in groups of 10 to 13 were challenged on day zero by intravenous injection of an inoculum of 1. (29, 40, 46, 48) . Mice were observed daily and evaluated by assigning one of the following scores, from 0 to 4: 0, healthy; 1, minor clinical signs of infection and inflammation (e.g., observations of minor signs of distress and pain, changed activity, and social withdrawal); 2, severe signs of infection, such as stiff movements, lack of curiosity, forced ventilation, changed body position, piloerection on the skin, or changes in the pattern of movement (animals scored 2 were reevaluated later the same day); 3, severe suffering and pain (the mouse was sacrificed to minimize its suffering); 4, dead. Surviving mice were sacrificed on day 11 after a total bleed. The experiments were approved by the Danish Animal Experimentation Committee under the Ministry of Justice (number 2004/561-835).
Galactomannan (GM) antigen detection was performed on serum samples 
RESULTS
Testing of the susceptibility of the A. fumigatus DK isolate showed it to be azole resistant (Fig. 1a) but caspofungin susceptible, with a microdilution MEC of 0.25 g/ml and an Etest end point of 0.125 g/ml (Fig. 2a) . The isolate was lethal in the mouse model at inoculum sizes described previously, with a mortality rate of 93% on day 5 and 100% mortality on day 9 (Fig. 3) . The survival of mice was 100% in the caspofungin group, in contrast to 16.7 and 25% survival in the two posaconazole-treated groups, respectively (P Ͻ 0.0001 and P ϭ 0.0002 for comparisons of caspofungin-treated animals with animals receiving low-and high-dose posaconazole, respectively). The survival of treated animals receiving caspofungin or high-dose posaconazole was significantly better than that of control animals (P Ͻ 0.0001 and P ϭ 0.005, respectively). Aspergillus GM index values in the sera of mice surviving on day 11 were determined (Fig. 4) . All surviving animals challenged with the A. fumigatus DK isolate were positive for GM antigen, and no statistical difference was found between the index levels for caspofungin-treated and posaconazole-treated animals (P ϭ 0.0887). In order to characterize the mechanism of resistance, the entire coding region of the cyp51A gene was amplified, and both strands were sequenced; revealing an M220K mutation (an alteration from methionine to lysine at codon 220).
The Etest suggested that the A. fumigatus AT isolate was caspofungin resistant (Fig. 2b) . The microdilution assay, however, showed partial growth inhibition of both the AT and DK isolates by caspofungin, and attempts to determine MEC end points by evaluation of micromorphology did not demonstrate differences in susceptibility to caspofungin; both isolates showed aberrant growth at concentrations of 0.25 g/ml or higher (Fig. 5) . In vivo susceptibility tests in the mouse model were performed twice for the A. fumigatus AT isolate, because initially the animals in the caspofungin group accidentally received one dose of posaconazole on day 3 instead of caspofungin, which might have improved their outcome. In both experiments, the survival of animals receiving caspofungin was low (25 to 40%) compared to that of animals receiving posaconazole (70 to 83% survival in the low-dose groups and 75 to 100% survival in the high-dose groups [ Fig. 3] ). This lower survival for caspofungin-treated animals was statistically significant compared to the survival rates for both posaconazole groups in the first experiment (P values, 0.097 and 0.0115, respectively) and compared to that of the high-dose posaconazole group in the second experiment (P ϭ 0.0039). However, for all treatment groups, survival was better than that for the control groups (P ϭ 0.001 to Ͻ0.0001). Animals treated with posaconazole had a significant dose-dependent decrease in the GM indices relative to those of control and caspofungintreated animals (Fig. 4) .
Sequencing of the FKS1 gene of the A. fumigatus AT isolate did not reveal any mutations. Susceptibility profiling of the glucan synthase showed full susceptibility (data not shown), and when the carbohydrate composition was investigated, the on June 25, 2017 by guest http://aac.asm.org/ total hexose content was decreased in both the AT isolate and the control isolate upon caspofungin pretreatment, but the proportion of ␤-1,3-D-glucan was unchanged (Table 1) . However, Northern blot analysis demonstrated expression of the FKS gene in susceptible and resistant A. fumigatus isolates, yet with marked differences in the expression level, as shown in Fig. 6 . Caspofungin treatment did not reduce FKS gene expression in the A. fumigatus AT isolate, in contrast to the reduction in the susceptible control isolate (Fig. 6 ). This overexpression of the FKS gene was confirmed by real-time PCR. Table 2 compares the FKS1 expression ratios of the A. fumigatus AT isolate and two wild-type strains. The AT isolate showed constitutively higher FKS1 expression (3.09-fold on average) than the wild-type strains. In the presence of a low concentration of caspofungin, the AT isolate showed higher expression ratios than the wild-type strains (3.15-fold on average). These experiments were also performed at higher caspofungin concentrations. When Ն0.5 g/ml of caspofungin was used, no A. fumigatus total RNA was obtained for the AT isolate, ATCC 13073, or A. fumigatus 293. However, RNA of strain EMFR-S678P (35) was obtained at high caspofungin concentrations (Ͼ4 g/ml). Finally, we observed a higher growth rate for the AT isolate. In order to evaluate these preliminary observations objectively, the radial growth rate was determined. Two different variables were measured: diameter and Kr. The latter variable is independent of time and is related to the specific growth rate when the culture conditions are constant (34) . Thus, Kr variations represent metabolic differences between different strains more accurately than diameter. Figure 7 shows the results of measurement of these two variables for 4 days. All the strains reached the exponential, stationary, and death phases at the same times (24 to 48 h, 48 to 72 h, and 72 to 96 h, respectively) independently of the solid medium used. The AT isolate showed a larger colony diameter and a higher Kr but the same slope as the wild type and the caspofungin-resistant FKS1 mutant (Fig. 7) . These results may suggest a higher metabolic rate for the AT isolate with no alteration in the cell cycle (higher Kr and no differences in growth curves).
DISCUSSION
A decade ago, amphotericin B formulations and itraconazole were the only options for antifungal treatment of invasive aspergillosis, but since then, voriconazole has become the first choice for primary therapy due to its superior efficacy in comparison with conventional treatment, and caspofungin has been licensed for salvage therapy (13, 21, 45) . With the increasing rates of invasive aspergillosis and candidiasis, the use of expandedspectrum azoles and echinocandins has increased, and accordingly the potential selection pressure has also increased. Azole resistance, including voriconazole and/or posaconazole resistance, has been reported for clinical Aspergillus isolates in the United Kingdom, Spain, the United States, and, with increasing frequency, The Netherlands (3, 15, 24, 25, 44) . Recently, breakthrough infections with A. fumigatus isolates, with MECs in the range of 0.125 to 8 g/ml, in patients receiving caspofungin prophylaxis/empirical treatment have been reported (19) . Finally, slow-sporulating A. fumigatus isolates with multi-drug class resistance have been isolated from patients who received prior fluconazole treatment (3).
The DK isolate described here was resistant to posaconazole on June 25, 2017 by guest http://aac.asm.org/ in vivo, in an animal model, with mortality and the GM index at the end of therapy as end points. Posaconazole was chosen as the compound because it is metabolized less rapidly in mice than voriconazole (28, 37, 41) . The clinical context was prior itraconazole treatment for 14 months. However, infections in azole-naïve patients with resistant strains have been described elsewhere, suggesting the possible presence of azole-resistant isolates in the environment (44) . Azoles act by inhibiting lanosterol 14␣-demethylase (Cyp51), an enzyme in the ergosterol biosynthetic pathway, resulting in fungal cell instability. The most commonly reported mechanism of azole resistance in Aspergillus is single nucleotide repeats in the cyp51A gene (5, 6, 8, 22, 24, 26) . These substituted amino acids may alter drug binding, thus conferring resistance. In the present case, an M220K mutation was detected in the cyp51A gene. Codon 220 is a well-characterized hot spot, for which a replacement of methionine with isoleucine, associated with itraconazole resistance and reduced susceptibility to other azoles, is most commonly reported (5, 6, 24) . The effect on cross-resistance is dependent on the specific amino acid substitution. In the present case, the mutation involved the replacement of methionine with lysine, and the isolate also showed cross-resistance to voriconazole, posaconazole, and ravuconazole, in agreement with the findings for a similar clinical isolate from the United Kingdom (14, 24) . Despite successful outcomes for the caspofungin-treated mice, the GM levels were not significantly decreased. Several previous studies have reported correlations between GM levels and outcome during caspofungin treatment (20, 43) . However, a paradoxical increase in the GM index or in quantitative PCR results despite a histopathological effect and/or clinical improvement has been observed in a number of other studies of animal models and of humans (16, 32, 39, 48) . In vitro, higher doses of caspofungin but not voriconazole have been shown to be associated with an increased release of GM into the culture medium (16) , and one may speculate that the primarily static inhibition exhibited by caspofungin in comparison to the more fungicidal anti-Aspergillus activity of azoles may contribute to the prolonged circulation of GM despite clinical success. The results regarding the caspofungin susceptibility of the A. fumigatus AT isolate are less clear. The Etest and animal model results suggested reduced susceptibility, but in our hands the microdilution MEC determination did not identify this isolate as unusual. The studies of the possible mechanism showed that changes at the enzyme level were not relevant, because there were no FKS1 mutations and the semipurified enzyme retained full susceptibility in vitro. The isolate was characterized by rapid growth, and gene expression profiling upon exposure to subinhibitory concentrations of caspofungin demonstrated overexpression of the FKS gene, suggesting that 6 . Expression analysis of the fks gene in caspofungin-resistant (AT) and -susceptible (control) A. fumigatus isolates. Total RNA was extracted from mycelia grown for 24 h at 37°C in the absence (Co) and presence (CAS) of caspofungin. RNA (10 g) was separated by agarose gel electrophoresis, blotted, and hybridized with an fks probe coding for the ␤-1,3-glucan synthase complex. Caspofungin treatment did not influence fks gene expression by the resistant A. fumigatus (AT) isolate relative to that by untreated fungi, whereas the susceptible A. fumigatus control isolate showed lower gene expression when cultured in the presence of CAS. Ethidium bromide staining of 26S and 18S rRNA was used as a loading control.
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ASPERGILLUS SUSCEPTIBILITY TO CASPOFUNGIN AND AZOLES 3509 this played a role. Thus, even though the exact mechanism has not yet been determined, it is likely that a conditional resistance mechanism is operational. The clinical context was failure despite caspofungin treatment. However, other factors may have contributed to the poor outcome, and our animal experiments cannot predict if human infection may be treated with or without elevated doses of caspofungin. The EUCAST and CLSI microdilution MEC tests did not categorize this isolate as unusual, and recently, Candida albicans isolates with mutations in the hot spots and markedly elevated Etest MICs were shown to have only slightly elevated caspofungin MECs by microdilution (reference 2 and personal observation). These findings indicate that further studies are needed to define the best methodological parameters for in vitro testing of susceptibility to caspofungin and to determine the true rate of reduced susceptibility in Candida and Aspergillus. In summary, this is, to our knowledge, the first report to describe and confirm in an animal model a clinical A. fumigatus isolate from Denmark with multiazole resistance and a clinical isolate for which the Etest end point and in vivo susceptibility testing in an animal model suggest decreased susceptibility to caspofungin, possibly due to upregulation of the target enzyme level. Our detection of these isolates illustrates the necessity to be aware of reduced susceptibility among clinical A. fumigatus isolates and the need for monitoring susceptibility not only for epidemiological purposes but also for the guidance of clinical treatment.
